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Phase transitions in coupled double-layer systems 
Xiao Hu and Yoshiyqki Kawazoe 
institute for Muterinls Restwrch, Tohoku University, 2-l-l liatahira, Aoba-ku, Sendai 980, Japan 
Magnetic systems consisting of a capping layer with uniaxial anisotropy and a recording layer with 
vertical anisotropy are studied by means of a variational method for a continuum model covering the 
exchange, anisotropy, and Zeeman energies. The phase transitions between different alignments of 
magnetization are observed when the thickness of the capping layer and/or the temperature is varied. 
For the capping layer with in-plane anisotropy, the phase transitions are in second order and the 
critical be.haviors are characterized by a critical exponent 4. For the capping layer with vertical 
anisotropy, the phase transitions are in first order. The analytic expressions of the critical points are 
presented, in terms of the relevant magnetic constants. 
1. INTRODUCTION 
Magnetic multilayer systems have attracted much atten- 
tion recently from both fundamental and practical points of 
view. The magnetic double-layer systems studied in this 
work consist of a capping layer of uniaxial anisotropy, layer 
1, and a recording layer of vertical anisotropy, layer 2, with a 
geometric structure shown in Fig. 1.r’” The capping layer is 
of in-plane anisotropy in system I and of vertical anisotropy 
in system II. We set the z axis vertically to the layers and the 
origin at the mterface. The direction of magnetization cp is 
measured from the negative direction of the z axis while an 
external field Hext applied along the z axis is chosen to be 
positive. The thickness of the capping layer is denoted by u 
and the thickness of the recording layer is taken to be infinity 
as a sufficient approximati0n.t 
The total magnetic energy per unit area for system I is 
expressed as 
+K, cos2 cp+MyIH,, cos q~ 1 dz 
+K2 sin” qfM’ls2Hext cos q 1 dz. (0 
Typical magnetic constants at room temperature are 
A1=I.0X10m7 erg/cm, Kt=0.25X106 erg/cm”, and 
iM,, =200 emu/cm3 for the capping layer, while 
A,=2.0X10-7 erg/cm, K,=2.0X106 ergjcm3, and MY,=90 
emu/cm” for the recording layer. The exchange coupling be- 
tween the two layers is supposed to be ferromagnetic and is 
taken into account imposing that the direction of magnetiza- 
tion should be continuous at the interface.lS3 
II. SYSTEM I: CAPPING LAYER OF IN-PLANE 
ANISOTROPY 
For the sake of simplicity, let us consider the case of null 
external field. The equation for the direction of magnetiza- 
tion at the top surface, qa, is derived by a variational method‘ 
on energy (I ) as 
sn[a dm, sin cp,] 
-\i- 
A&z 
cn[n JKI/A,, sin 40,l 
cos ipa= 
A &, (2) 
with Jacobian elliptic functi0ns.t The total configuration of 
magnetization is expressed in terms of cpu .
The left-hand side of the above equation is finite and 
decreases continuously with qti while increases uniformly 
with n. Therefore, for a value of dw, there exists a 
critical thickness below which y?a =0 and thus cp(z) =0 in the 
whole system, in spite of the fact that the magnetization is 
directed against the easy axis in the capping layer. A phase 
transition from the above trivial configuration to one with 
nonzero AZ), which is determined by Eq. (21, occurs at this 
critical thickness. Since the left-hand side of Eq. (2) assumes 
its maximum at qa=Ot the phase transition is in second order 
and the critical thickness is derived from Eq. (2) (Ref. 1): 
amin= $j&nml &$lf* (3) 
It is easy to see that this critical point coincides with the 
minimal thickness of the capping layer that exhibits the cap- 
ping cflec~ in magnetic double-layer systems.tY4 The critical 
behavior for pa is derived analytically asr,’ 
(Pa== &lx Jala,,-T, aaamin3 w 
and is shown in Fig. 2(a).’ 
A phase transition between different alignments of mag- 
netization is also observed in a system with fixed thickness 
when the temperature is varied.’ This phenomenon can be 
unde.rstood from the above arguments, noting that a value of 
thickness larger than the critical value in Eq. (3) in a low- 
temperature region becomes less than that in a high- 
temperature region. The critical behavior isaS 
9,-+,x JTJT- 1, XT,, is) 
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FIG. 1. Geometric structure of the double-layer system studied in the 
present work. 
6486 J, Appl. Phys. 75 (IO), 15 May 1994 0021-8979194/75(10)/6486/3/$6.00 @  1994 American Institute of Physics 
Downloaded 24 Mar 2010 to 130.34.135.83. Redistribution subject to AIP license or copyright; see http://jap.aip.org/jap/copyright.jsp
$?&i~g] 
120 
SD 
60 
30 
0. 
(4 Q IOOQO I! 501 
FIG. 2. ia’) Thkkness CI dependewe of the direction of magnetization at the 
top surface fnr system 1. ibi Same as (a) except for temperature dependence. 
FIG. 3. (a) Hysteresis loop isolid line: a = 100 A; dashed line: u =2Of.l &I of 
the direction of magnetization at the top surface for system II. (bj Same as 
(a) except for at the interface. 
and is shown in Fig. 2(b) with T,,=-130 *C? The critical tem- 
perature is also determine.d by Eq. (3) provided that u,,~~ is 
replaced by the capping film thickness of the system under 
study and that the temperature dcpendences of the relevant 
magnetic constants are involved. 
It is worthy to point out that the phase transition accord- 
ing to variance of the temperature could be used as a new 
device for magneto-optical recording where a laser pulse ad- 
justs the temperature.’ 
The mechanism of phase transitions under a finite exter- 
nal field is the same with that for null field and the critical 
thickness is given by’ 
sr(r2,k]dn[i,k] 
cn[G,k] 
X 
-2 ~0s ‘pa+M.~,HextKI s +M.~,HextKI 
2-(1~tan”i(p,/2jcn2[~,k]jMs2H,,JK1 
with 
and 
Ill. SYSTEM II: CAPPING LAYER OF VERTICAL 
ANISOTROPY k”= &~p,/2j[l -COS ~a+MslHcxt/K.L’l 
(-2 cos cp,+M,lHext/K1) . 
For system JI, cos ip in Eq. (1 j is replaced by sin cp and a 
fi.nite external field is necessary in order to observe phase 
transitions. For comparison. the same magnetic constants are 
used for numerical calculations in what follows except for 
that M, t -L 150 emu/cm3 is adopted since a larger magnetiza- 
tion will cause the easy ar;is to be in-plane from the geo- 
metrical effect. 
For system IT, Eq. i2) is replaced by 
I-Iysteresis loops for system II are shown in Figs. 3(a) 
and 3(b). There are two vertical parts in each branch of the 
hysteresis loops. The ones for the weak fields correspond to 
magnetization reve.rsals in the capping layer, while those for 
the strong fields are associated with the complete magnetiza- 
tion reversals in the whole system. The phase transitions dis- 
cussed in the present section are related to the formers. 
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FIG. 4. Thickness a dependence of the direction of magnetization at the top 
surface for system II. 
The phase transition between the trivial configuration 
cp(z) =0 and a configuration characterized by a nonzero ‘pa, 
according to variance of the thickness a, is in first order as 
shown in Fig. 4. The dependence of the critical thickness on 
the external field is disp1aye.d in Fig. 5. We have found that 
the present numerical results fit satisfactorily to the follow- 
ing logarithmic function: 
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FIG. 5. Dependence of the critical thickness on the external field for system 
II [solid line: numerical results according to Eq. (7); dashed line: curve of 
Eq. @!I. 
-\i 
AI HO 
amin= 
Kl 
-Xln F 
ext 
with Ho==20 kOe. The divergence of U,in at null external 
field and the slow drop with the external field show sharp 
contrasts with the behavior of Eq. (6). 
A similar first-order phase transition can be observed in 
system II when the temperature is varied, provided that tem- 
perature dependences of the saturation magnetizations are 
given. 
IV. SUMMAR’f 
To summarize, we have studied double-layer systems 
with different anisotropics. Phase transitions between differ- 
ent magnetization configurations have been observed and the 
responsible mechanism is revealed. The critical point U,,in 
corresponds to the minimal thickness of the capping layer, 
which achieves better field sensitivity compared with that of 
single.-magnetic-layer re.cording. The present study will shed 
light on the design of multilayer recording media. 
Critical phenomena of a 9” model for paraferromagnetic 
phase transition in a system consisting of a thin layer and a 
semi-infinite bulk has also been studied by mean-field theory, 
and the renormalization group theory is used to investigate 
the effect of thermal fluctuations.” 
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‘Although sin decays and linear ones of stiffness constants A’s and anisot- 
ropy constants K’s, respecfively, as the temperature is increased from 
room temperature towards the critical points (T,, =1X0 “C and 
T,2=270 “Cj, have been assumed in order to derive numcrica results 
shown in Fig. 2(b), we notice that these assumptions do not affect the 
critical behaviors. 
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